We have developed a positive screen for cloning PCR products based on translational activation of lacZ. A vector with a translationally deficient lacZα gene has been made by deletion of the Shine-Dalgarno sequence and initiation codon. The Shine-Dalgarno sequence and initiation codon are incorporated into one of the PCR primers to allow complementation by the PCR product of the inactive lacZα gene, which results in blue transformed bacterial colonies. This screen allows more efficient detection of clones containing inserts made by PCR.
Most general purpose plasmid vectors use a blue to white screen for detecting inserts. A polylinker is placed between the initiation codon and about codon seven of lacZα. In the presence of the inducer isopropyl-β-D-galactopyranoside (IPTG) and substrate X-gal, β-galactosidase activity is observed in the form of blue bacterial colonies. The insertion of a PCR product into the polylinker usually disrupts translation of lacZα which results in the failure of transformed bacteria to turn blue. However, a lack of β-galactosidase activity may also be due to other factors, such as the deletion of lacZα. In addition, some inserts do not prevent translation of lacZα due to maintenance of the lacZα open reading frame, or by allowing translation reinitiation (1,2) in frame with lacZα, thus giving rise to false negative blue colonies.
To improve the efficiency of identifying clones with inserts, we have developed a positive, white to blue, screen. A ShineDalgarno (SD) sequence and an ATG initiation codon are incorporated into one of the PCR primer sequences to allow complementation by the PCR product of a translationally silent lacZα gene in the vector. Two vectors were made by deletion of the lacZα SD sequence and initiation codon using inverse PCR mutagenesis of pGEM3Zf(+) (Promega) and pJKKmf(-) (3) with the primers 5′-ACCATCGGATCCGATATCTCGAATTCGCC-CTATAGTGA-3′ and 5′-CACTACGGATCCAAGCTTGTGT-GAAATTGTTATCCGCT-3′ (the restriction site is bold and the hybridizing sequence underlined). Inverse PCR amplification of plasmid DNA was done according to the protocols provided with the Perkin-Elmer XL-PCR kit. The resultant DNA products were cut with BamHI, self-ligated, and electroporated into competent Escherichia coli JM109 cells. The transformed cells were plated in the presence of 8 µl 0.1 M IPTG and 32 µl 4% X-gal. Plasmid DNA was isolated from white colonies and the sequence changes were confirmed by dideoxyribonucleotide chain termination sequencing. The resultant vectors, pKG1 and pKG2, retain the lac promoter sequence and the functional amino-terminal sequence encoded by lacZα, but lack an ATG initiation codon (Fig. 1) . A small polylinker with four restriction sites (HindIII, BamHI, EcoRV and EcoRI) was included for cloning PCR products.
Detection of inserts cloned into pKG1 and pKG2 is based on translational activation of the lacZα open reading frame. This is done by cloning a DNA fragment with a 3′ terminal SD-ATG sequence in frame with lacZα. For example, one SD-ATG sequence of 14 nucleotides (corresponding to the native lacZ SD-ATG region) is added as its complement to the 5′ end of one of the PCR primers (Fig. 2) . When a resultant PCR product is cloned into pKG1 or pKG2 in the correct orientation (Fig. 2B) , RNA transcripts expressed from the lac promoter, or a chance promoter within the insert, will contain insert sequence at the 5′ end and the SD-ATG sequence proximal to lacZα at the 3′ end. Translation initiation (1, 2) at the ATG codon adjacent and in frame with lacZα results in β-galactosidase activity and blue colonies. If the insert is in the opposite orientation, then it will mostly give rise to white colonies, the same as the parental vector.
We have used this new method to clone three different PCR products (Fig. 3) . PCR product A was made using Vent DNA polymerase to ensure flush ends and then cloned by blunt-end ligation into the EcoRV site of pKG1. The sequence and orientation of the insert was confirmed by sequencing the clone * To whom correspondence should be addressed Figure 2 . Design of PCR primers to restore translation initiation of lacZα by insertion of the PCR product into the polylinker of either pKG1 or pKG2. (A) The primer P2a has the sequence 5′-CATAGCTGTTTCCT-3′ (complementary to the SD-ATG region of lacZ) added 5′ of the hybridizing sequence represented by Xs. For blunt-end ligation into the EcoRV site additional sequences are not strictly required. For insertion into cloning sites with staggered ends a restriction site is also included in the primer sequence, together with a 5′ extension of arbitrary size and sequence, depicted as Ns, to assist with efficient cutting of the PCR product. Unlike primers with the restriction sites BamHI (P2b) and HindIII (P2c), the primer with an EcoRI restriction site (P2d) has the EcoRI sequence overlapping the G nucleotide of the ATG initiation codon, to ensure that the ATG is in frame with lacZα. (B) Schematic representation of a PCR product (bold) ligated into the EcoRV site in the appropriate orientation such that RNA transcripts will have a SD-ATG sequence (complementary to the 5′ end of P2a) adjacent and in frame with lacZα.
with the M13 forward primer and a primer 5′-TATGCTT-CCGGCTCGTATGT-3′ which corresponds to part of the lac promoter sequence (Fig. 1) . The M13 reverse primer sequence was deleted during construction of pKG1 and pKG2, because it includes the lacZα initiation codon. PCR products B and C were cut with BamHI and ligated into the BamHI site of either pKG1 or pKG2. Although blue colour development occurred overnight for transformation of all three PCR products ligated into pKG1, colour production was slower for clones with an insert in pKG2 which has a kanamycin selectable marker.
More than 30 blue colonies were obtained from each transformation described in Figure 3 and six blue colonies were Figure 3 . Three PCR products made using the Perkin-Elmer XL-PCR kit were cloned into pKG1 or pKG2. PCR product A of 623 bp was made by amplification of a gene from the violacein gene cluster (4; D. Quiggin, L.G. and P.K., unpublished data) using the primers 5′-ACTCACGGATCCGAG-GAGGCCGCATGGAAAAC-3′ and 5′-AGCAATGGATCCCATAGCTGT-TTCCTAGCGCTTGGCGGCGAAGA-3′ (the sequence complementary to the SD-ATG region is in italics). The DNA was blunt-end ligated into the 5′ phosphorylated EcoRV site of pKG1 and transformed into E.coli JM109. Plasmid DNA was isolated from two independent blue colonies and the insert excised with BamHI (A1 and A2). PCR products B and C (507 and 630 bp, respectively) correspond to the coding and non-coding regions of component 4 of subterranean clover stunt virus (5) and were made using the pairs of PCR primers 5′-CACACGCGTGGATCCCATAGCTGTTTCCTAATGGCGGACT-GGTTTCACAG-3′, 5′-ACTACGCGTGGATCCTTACACCTTAATACGCA-TCGTATG-3′ and 5′-ACTACGCGTGGATCCAGTTCATACGATGCGTAT-TAAGGT-3′, 5′-CACACGCGTGGATCCCATAGCTGTTTCCTGTGAAAC-CAGTCCGCCATT-3′. The DNA was cut with BamHI and ligated into the 5′ phosphorylated BamHI site of either pKG1 or 2. Plasmid DNA was isolated from independent blue colonies and the inserts excised with BamHI (B1, B2 and C1-C4). Samples were run on a 1.2% agarose, 40 mM Tris-HCl, pH 8.3, 40 mM boric acid, 1 mM EDTA gel and stained with ethidium bromide. The size markers are SPPI DNA cut with EcoRI (Bresatec).
screened for inserts in each case. Only PCR product B produced two clones that failed to contain the correct insert. This is probably due to the lack of purification of the desired product after PCR. Sequencing of incorrect inserts has revealed primer dimers and trimers (results not shown).
In conclusion, this cloning strategy provides a positive screen because the gain of β-galactosidase activity (and thus blue colonies) specifically depends upon the insertion of an SD sequence and initiation codon in frame with a deficient lacZα gene in the vector. Consequently, we have found that fewer colonies need to be assessed for inserts, and that rare cloning events are more reliably detected. Moreover, this method provides for automatic determination of insert orientation.
Other features of this positive screen include easy detection of blue colonies against a background of many white colonies when the vector has not been dephosphorylated; positive identification of inserts that fail to disrupt translation of the lacZ gene in blue to white vectors; and the opportunity to monitor clones with unstable inserts. This screen could also be readily adapted for cDNA cloning using plasmid or λ based vectors.
